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Extreme  Environments:  Cryo 

Background 
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Extremely  limited  test  protocol  / 
knowledge  base  available 


Extreme  Environments:  Cryo 

MLBC  Cryogenic  Capabilities 


LN2  Cryo/Thermal  Cycler  LN2  Permeability 

+  constant  mech  load  +  mech  load 


Extreme  Environments: 

Fatigue  Data 
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Spacecraft: 

—  Minisats,  Space  Based  Laser,  Launch  Vehicles 


Improved  Capabilities: 
TM  Materials  Strategy 
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Single  Use  Thermal  Protection  System 
Reusable  Thermal  Protection  System 
Advanced  Aircraft  Brake  Technology 
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Extends  time  between  failure  by  2X 

Extend  range  due  to  40%  weight  reduction  and  increase  heat  exchanger 
efficiency  by  10% 
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The  use  of  OMC  reduces  component  weight  (i.e.  up  to  10-20%) 


PACT:  Parnership  for  Advanced 
Composites  Transition 
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Knockdown  factors  (resulting  in  weight  penalties)  often 
remove  composites  from  systems  during  EMD  phase. 
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Designers  Need  to  Get  Earlier  Data  with  Less 
Uncertainty  to  Lower  Insertion  Risk 


PACT:  Grand  Challenges 


PACT:  Hierarchy  of  Models 
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Complements  AFOSR  -  MEANS  Program 


B-Spline  Analysis  Method  (BSAM) 


Similar  to  the  old  SVELT,  but  much  more  flexible! 


Capabilities 


Z-Coordinate  (Itches) 
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Overview  of  Research  Activities  at  AFRL 
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Goal:  Enabling  Technologies 
for  Future  Space  Architectures 
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Spacecraft  Component  Technology 

Research  Thrusts 
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Integrated  Structural  Systems 

Payload  Accommodations 


—  Payload  containers  for  Reusable  Launch  Vehicles 

Enable  launch  of  large  space  systems  with  large 
payload  fairing  development  program 


Low-Cost  Fabrication  of  Advanced 
Grid-Stiffened  Structures 

Results 
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Direct  reinforcement  option 
(initial  failure  much  lower 
than  ultimate) 


Integrated  Structural  Systems 

Cryogenic  Tanks 


expendable  rockets 


Composite  Laminate  Microcrack  Mitigation 

Introduction/Background 
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Enabling  for  SSTO,  Reusable  Vehicles 
Reduced  Tank  Fabrication  Costs 


Composite  Laminate  Microcrack  Mitigation 

Results 
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Slight  Leak  Rate  Decrease  during  Heatup  to  Ambient 
Fiber/Resin  CTE  Difference  Primary  Cause  of  Microcrack 
Need  additional  data  on  Omni-Directional  Fabric 


Integrated  Structural  Systems 

High  Temperature  Structures 


Integrated  Structural  Systems 

Large  Deployable  Structures 


Stiffness  critical  structures 


Integrated  Structural  Systems 

Structures  for  Optical  Systems 


Active  Membrane  Structures 
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Electroactive  Polymer  for  Membrane  Optics 
^  Finite  Element  (ABAQUS)  Analyses  of  Actuation 


Conclusion: 

Based  on  Analytical  (FEM)  results  and  available  test  data, 
Possible  shape  correction  is  much  less  than  the  surface  error! 


Integrated  Structural  Systems 

ultifunctional  Structures 
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Tensile  specimen  mold 


Integrated  Structural  Systems 

Innovative  Concepts 


Self  healing  composite  materials 
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Results 

—  Neglecting  the  adhesive  bond  results  in  errors  >  25% 

—  One  element  through  the  thickness  captures  the  dynamic 
behavior  (3D  brick  element  with  nonlinear  material  properties) 


FE  model  can  predict  performance  for  first  6  modes 
Higher  modes  not  measured  due  to  experimental  setup 


1st  Multifunctional  Aerospace 
Materials  Workshop 
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Todays  Systems 
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PAYOFFS 

•  Enhanced  Antenna  Performance  by  Exploiting  Skin  Acreage 

•  Improved  Aerodynamics  and  Structural  Efficiency _ 
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The  CLAS  end  cap  was  flight  tested  with  dramatic  gain  improvement 
results,  as  shown  in  the  gain  vs  azimuth  plot 

The  CLAS  end  cap  increased  VHF  voice  communication  range  17  fold 


Structurally  Integrated  Phased  Arrays 
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Multifunctional  Material 
Research  Needs 
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lelectric  material  development 

-  Voltage  breakdown  strength 

-  Nano  particle  dispersion  for  high  dielectric  constant  polymers 

-  High  strength/stiffness  dielectric  polymers 

-  Tunable  dielectrics  for  broadband  performance 
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Multifunctional  Structure-Power  Materials 
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Design  Development  Center  Energy  Storage  Research 

Simi  Valley,  CA  Red  Bank,  NJ 


What’s  Possible  with  Structure-Power  ?? 
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System  Optimization 

UAV  Flight  Endurance  Time 
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->  System-Level  Multidisciplinary  Design  Optimization  Required  !!! 


Unifunctional  Materials  Performance 


Multifunctional  Materials  Performance 


Multifunctional  Materials  Performance 


Mechanical  Performance  Indices 


Multifunctional  Composite  Performance  Indices  generally  depend  on  the 
constituent  material  properties,  shapes,  and  location  within  the  cross-section 


Structure-Battery  Design  Tool  (SBDT) 


Structure-P 


Useful  Design  Ranking  Information! 


Structure-Battery  for  UAV’s 


•  170  g  weight 
70+  min.  endurance 


Structure-Battery  Design  for  UAV’s 


Multifunctional  Design  Rule:  add  functionality  to  the  material 
with  the  more  complex  existing  function. 


Electrical  Performance  Indices 
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Wide  range  of  Ragone  performance  due  to  intrinsic  energy  storage  physics: 
stretching  versus  breaking  of  molecular  bonds. 


Electrical  Performance  Indices 
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Li-Me  (S)  and  Li/SPE  (S)  cells  show  best  rechargeable  performance!! 


Multifunctional  Structure-PLI 


1020  MPa 


Structure-PLI  Performance 
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Significant  nonlinear,  anisotropic  behavior. 

Components  with  wide  range  of  mechanical  performance 


Design  Optimization  of  UAV’s 


Batteries 


MDO  Performance  Analysis 


WASP  Multifunctional  UAV 
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Benefits  of  multifunctionality  clearly  demonstrated  by  flight 
endurance  of  WASP  UAV  with  fully  integrated  structure-battery... 


Fabrication  Procedures  and  Challenges 
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Multifunctional  Composite  Shape  Factors  generally  depend  on  the  constituent 
material  properties,  shapes,  and  location  within  the  cross-section  . 
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Architecture  of  an  Advanced  Health  Management 

System 
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Current  Capabilities 
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Maintenance 

•  Schedule  based  on  run  time 

•  Intrusive  inspections 


Future  Capabilities 
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Current  /  Future  Capabilities 
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High  Speed  Data  Acquisition  And  Processing 
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Real-time  expert  system 
•  Automated  “smart”  analysis 


Real  Time  Transient  Model  Based  Fault  And  Isolation 

Detection  Algorithm 
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Measurement  System  Software 

(Error  checking,  Recovery  features) 
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•  Adaptive  control  with  HMS 

•  Performance  management 

•  Diagnostics/prognostics 


Aerothermo  Life  Assessments 
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mart  thermal  structure 


Structural  Life  Assessment 
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Numerical  models  to  evaluate  fault  and  fault  propagation  in  real  time 


HMS  Interfaces 
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•  Hardware  adjustments 

•  Hardware  overall 

•  Hardware  replacement 
Engine  history 


Structural  Health  Monitoring 
of  Aerospace  Vehicles 
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Goals 

-  Reduce  Air  force  O&M  Cost. 

-  Increase  Operational  Readiness. 
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Right  support  at  the  Flightline  Maintenance 

Right  time  for  the  Right  Manager 
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4.  Predict  Remaining  Life 

-  How  long  before  component  fails 
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neaitn  monitoring  system  tnat  would  determine 
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time  of  24  hours,  with  an  objective  of  12. 

To  meet  this  goals,  the  assessment  of  the  structure/TPS  condition 
has  to  be  reduce  significantly. 
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Locate  damage 

Diagnose  damage  (delamination,  impact  damage,  mechanical 
attachments  state  etc.) 

Prognosis  of  the  health  of  the  structure/TPS. 
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Technical  Approach 


Analytical  and  Empirical 
Means  for  Optimum 
Solution 


Basic  Research: 

• Identify  Material  Property  Features 


Technical  Approach 


ecnmcai  Approach: 

•Derive  Transformation  Matrix 
•Establish  Reliability  Metric 
•Experimental  Validation 


Technical  Approach 


Identify  Basic  Design  Principles 
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Key  Technologies 


i 


cz> 


&X) 

g 

1/5 

«/3 

o 

o 

u 


Ph 


fl 

OJD 


WD 


T3 

OJ 

o 


d 

d 


& 

c 

U5 

05 


<l> 

U 

c 

2 

«i  •£ 
§?  £ 
o>  £ 
a>  cn 
a«  = 

si>S: 

®  3  O 

cc  ® 
0»  £  £ 


Impact  damage  analysis 
Structural  fatigue  analysis 
Acoustics  fatigue  analysis 
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Sensor  interrogation 
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Materials  That  Sense  Their  Environment 
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Near-Earth  Spacecraft  Thermal  Environment 
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Temperature  cycling  as  spacecraft  moves  in/out  of  eclipse 
Radiation  to  space,  solar  input,  internal  power  must  be  controlled  to  maintain 
spacecraft  systems  (especially  electronics)  within  operating  temperature 
(-30  C  to  65  C,  typical)  TfiT 


Electrochromic  Thermal  Control  Device  Structure 
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Concept  for  Integration  of  Electrochromic  Devices 

into  Spacecraft  Structure 


Benefits  of  Thermal  Control  with 
Electrochromics  Technology 
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Reflectance  Variation  with  Film  Oxidation 
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Reference:  Topart  and  Hourguebie,  Thin  Solid  Films,  352.  p.  243,  1999. 


Variable  Emissivity/Reflectivity 
Materials  First  Flight  Test 
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Molecular  Sensing  Using  Conductive  Polymers 
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Individual  Chemical  Alarm  System  (ICAS) 
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ICAS  Prototype  Badge  Design 
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Exposure  records 

-  exposure  dose  =  concentration  x  time 

-  logged  every  30  minutes  or  +  20%  dose  increase 


Advanced  Radiation 
Shielding  Materials  SBIR 
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accessory  to  composite  structures 


Self-Diagnosis  of  Damage  in  CFRP  by 

Electrical  Resistance 
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Resistance  response  can  be  tuned  using  fiber  volume  fraction 
Resistance  is  independent  of  sample  gauge  length  (spatial  sensitivity) 


Resistance  carries  a  permanent  record  of  prior  damage 
Critical  for  damage  due  to  overloads 


Time 


Some  Issues: 


Coupled  Mechanical,  Electrical  Models 


Length  scales  associated  with  fiber  damage: 
Old  concept:  Mechanical  “ineffective  length 
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Modeling  of  Damage  Detection  by  Electrical  Resistance 

Stochastic  fiber  damage  +  Mechanics  Models  +  Electrical  Models 
jss  Mechanical  damage  &  Electrical  resistance  predictions 


How  locally  can  damage  be  detected? 
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Sensing  Depends  on  Detection  Geometry 
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ow  can  signals  be  interpreted?  Need  stochastic  analyses 


Feasible  Fabrication  of  “sensor  array”? 


Innovation  in  Design: 

Design  =  Fundamental  Materials  Design 


SENSOR  SIGNALS 


Sensors 


PASSIVE  SENSING 


K  (cracks,  degradation,  damage,  etc.) 
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Active  Damage  Detection 
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Signal  Processing 
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Interpretation  -  Damage  index 
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SHM  System  for  Vehicles 
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SHM-based  Structural  Design  Diagram 


1st  Air  Force  Workshop  on  “Multifunctional 
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-  Insulation/Thermal  Management 

Multifunctional  Technologies  may  be  Key  to  Lightweight 
Affordable  Solutions 


High  Temperature  Fuel  Tanks 


Structural  Concepts 


Active/rassive  Structural  cooling 

Advanced  Analytical  Techniques 
-  MDO,  Probabilistic  Analysis 
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Thermal  Management  for 
High  Mach  Vehicles 


Mission  Time 


Boundary  Layer  Heat  Transfer 

Rate  to  Wall 
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Wall  Heat  Transfer  Rate  (BTU/ft2-sec)  =  Qdotcon  =  k*dT/dy, 
where  k  is  air’s  thermal  conductivity  at  the  wall  conditions, 
and  dT/dy  is  the  temperature  gradient  at  the  wall. 


J  The  Difference  Between  Convective 
and  Radiative  Heat  Transfer  Rates 


When  Qdotstr  is  0  (insulated),  Tw  will  equal  the  radiation  equilibrium 
temperature,  Tret,  otherwise  Qdotstr  and  heat  capacity  determine  the 
rate  of  temperature  change  of  the  surface  material. 


Structures  and  Materials 
Key  Technical  Challenges 
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Oxidation  protection  needs  further  work 
Impetus  for  contracts  looking  at  one-step  C-C 
processing  and  oxidation  protection 
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Increase  heat  transfer  coefficient,  h  by  5X 


Current  Program: 

Phase  Change  Thermal  Management 
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skins  and  honeycomb  core  components 
-  Fewer  heat  pipes  per  radiator  possible 

-  Less  weight 

-  Less  complex  design  and  fabrication 
processes 


increasing 
Heatpipe  Spacing 


Current  Programs: 
OMC  Heat  Pipes/Radiators 
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Lower  weight 

Lower  fabrication  costs 

Greater  thermal  efficiency 


Future  Programs: 
OMC  Heat  Pipes/Radiators 
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tiles 

Leading  Edges  - 
TUFI/AETB  tiles 


Current  Programs: 
Thermal  Protection  Materials 
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CUSTOMERS 

•  CAV;  SOV/SMV/Launch  Vehicle  technology  transfers 


Next  Generation  Leading  Edge 

TPS  Concept 

Rainbow  Solution 
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•  Cost/Manufacturability 

One  ongoing  effort  with  Boeing,  and  one  SBIR  to  be 
awarded  on  Jan  2003 
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*  Dimensional  control,  performance  enhancement 
Carbon  Foam  applications:  heat  exchangers  and  radiator  panels 
Novel  thermal  protection  applications 
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Micromechanical  Design 
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3-D  WOVEN  COMPOSITE  STRUCTURES  WITH 
INTEGRATED  FIBER  OPTIC  SENSORS 
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October  23-23, 2002,  Purdue  University,  W.  Lafayette,  IN 


IN  SITU  EVALUATION  OF  3-D  WOVEN  COMPOSITE  STRUCTURAL 
PERFORMANCE  USING  FIBER  OPTIC  SENSORS 
AFOSR  STTR  PHASE  I  and  PHASE  II  (to  start  in  November  2002) 
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composite  processing  technology  for  producing 
composite  panels  and  bonded  joints  with 

integrated  EFPI  sensors  in  all  three  directions.  Industrial  3-D  weaving  machine  (3TEX) 


SENSOR  SYSTEMS  FOR  SPECIFIC  IMPLEMENTATIONS 


EFPI  SENSOR  INSTRUMENTED  CARBON/EPOXY 
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ANTICIPATED  BENEFITS  FOR  DESIGN  AND 

APPLICATIONS 


thus  reducing  cost  of  inspection,  repair  and 
maintenance. 


In-Situ  Evaluation  of  Composite  Structural 
Performance  in  Presence  of  High 


www.bluerr.com 


Strain  Measurement  Interior  to  Composite  Parts- 

Background/Partnerships 
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Strain  Measurement  Interior  to  Composite  Parts- 

Relevancy 
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Distributed  Sensors  in  Space  Vehicles 
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Schematic  of  the  Microstructure  and 
Unit  Cell  of  Plain  Weave  Fabrics 
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Strain  Measurement  Interior  to  Composite  Parts 

Innovation  in  Science 
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Initial  Experiment 
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Placement  of  Sensor 
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Finished  Composite  Test  Specimen 
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Peak  Temper al 


Monitoring  Sensor  #2  During  the  Cure  Cycle: 
After  Cross  Linking/Cure  and  Cool  Down 
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Polarization  Extinction 
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Sensor  #1:  Shorter  Wavelength 
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Sensor  #1:  Longer  Wavelength 
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Fabrication  of  Smart  Fabrics 


Single  and  Dual  Axis  Grating  Sensors  in  E-glass/ 
Vinylester  and  E-glass/  Epoxy  Composites 
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Mechanical  Test  Setup  -  Three  Point  Bend  Test 
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Dual  Axis  FBG  Sensor  in  E-glass/vinylester 
Composites  Strained  in  Tension,  Right  Peak 
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Dual  Axis  FBG  Sensor  in  Glass/epoxy 
Composites  Strained  in  Compression,  Left  Peak 
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Repeatability  and  Drop  Test 
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Dual  axis  FBG  sensor  in  glass/epoxy  composites  under 
cyclic  compressive  loading-unloading  (01b-4001b),  left  peak 
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Bonded  Joint  Health  Monitoring  System 
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Joint  Instrumented  for  Shear 


Pi-Channel  Multi-Axis  Strain  Monitoring 


High  Density  Fiber  Grating  Strain 

Sensor  System 
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Composite  Structures  Summary 
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Composite  Structures  Systems  Development 
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Ongoing  Improvements  in  System  Capability 
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FAST  SELF  COOLING 
MECHANISMS 


Roger  J.  Morgan  and  Sai  Lau 

Texas  A&M  University 

AFOSR  WORKSHOP  ON 
MULTIFUNCTIONAL  AEROSPACE 

MATERIALS 


24th  OCTOBER  2002 


THEME 


“OUT  OF  THE  BOX” 

-  SURFACE  COOLING  CONCEPTS 

-  THERMAL  ABLATION  RESISTANT 
STRUCTURES 

GOALS 

-  RAPID  TEMPERATURE  -  TIME 
COOLING 

•  LIMIT  IR-TIME  SIGNATURES 

-  ENHANCED  THERMAL 
RESISTANT  STRUCTURES- 
PROCESSIBLE  COATINGS  AND 
STRUCTURES 


SUBJECT  MATTER 


HISTORY 

-  LASER  HARDENING  MECHANISMS 

•  HIGH  MOISTURE  BEARING  FIBERS 
(FIBER  -S) 

•  TUNGSTEN  CARBIDE,  TANTALUM 
CARBIDE  IN-SITU  SERVICE 
ENVIRONMENT  FORMATION 

SURFACE  MOISTURE  EVAPORATION 

-  SKIN  COOLING  MECHANISM 

-  MICROFLUIDICS 

THERMAL  CONDUCTION  -  INTERNAL 
COOLING  “PIPES” 

RAPID  SUPER  -  THERMAL  CONDUCTORS 

COATING  SELF  COOLING  MECHANISMS 
(IN-SITU  REPLENISHMENT) 


table  I 


Aromatic  Polyamides  That  Weed  Developed 
for  Commercial  Fiber  Production 


Chemical  Name 
(abbreviation) 

Chemical  Structure 

Trade  Name 
(company) 

poly (m-phenylcneiaophthalamido) 

<Pm?X) 

Nomex^du  Pont )  ; 

Conex1^  Teijin) 

polybenz amide 

(PBA) 

-X-fW 

~(o)~C<y]~ 

PRD  49-1™* 

(Du  Pont) 

poly (£-phenylene  tcrephthalamidc) 

(PPTA) 

t 

0 

-"CO-HN— ^0^  — NH~J~ 

Xevlar^du  Pont); 
Twaron1* 

(Akzo  N.V.) 

poly terephtha loyl- 

— HK — 0  — CO-KH-HH-0^0  — <X^ 

X-500™* 

p-arainobenrhydrazide 

(PABH-T) 

(Monsanto) 

copoly terephtha 1  amide  of^ 
£~phenylenediamine  and 

3/4*  diamino-diphcnyl  ether 
(CPTA) 

-f-HN— */o\ — NS-  (SO)] 

^  ^  ,  .-oo-©-®- 

-4-MN — /  o\ — 0-r^|— NH-(50)J  J 

HM-50™,  Tochnora™ 

(Teijin) 

poly  amidobc  n  timi da  zol  e 

|i0V 

K  0  0 

-0— e4- 

FVX™ 

(PABI) 

1 

H 

(USSR) 

*No  longer  cohere! ally  produced. 


Laser 

rniTTmi 


Front  surface 


Floor*  1 1.  Jna  100*C  and  StO*C  tsmxfimeftSional  temperature  contours  in  9  4 0  P>>  carbon 
fiber-epoxy  composite  after  10  5  exposure  10  a  600  W/c<n\  3  5  beam  & smote'  laser 


THE  MECHANISM  OF 
ECCRINE  SWEAT  EXPULSION 


Eccrine  sweat  glands  are  simple  coiled  tubular  glands  located  in  the 
deep  dermis  or  underlying  hypodermis  and  are  present  throughout 
the  body.  Their  primary  function  is  evaporative  cooling. 


Nt* 


1 .  They  develop  as  invaginations  of  the  epithelium  of  the  dermal 

ridge.  They  grow  into  the  dermis  with  its  deep  aspect  becoming 
the  glandular  portion  of  the  seat  gland. 

2.  Eccrine  sweat  glands  are  simple  coils  of  cuboidal  epithelium 

containing  two  kinds  of  cells. 

A.  Dark  cells  produce  sialo  mucins. 

B.  Clear  cells  produce  water  and  electrolytes. 

3.  The  final  production  is  hypotonic  (99%  water) 

4.  Adult  produce  between  0.5-10  leters/day. 


CONDUCTIVITY  MODEL 

ASSUMPTIONS: 

•  The  outer  surface  is  heated  instantaneously  to  100  °C 
before  cooling  begins 

•  Inner  surface  temperature  is  maintained  at  25  °C 

•  There  is  no  cooling  to  atmosphere 

•  Water  flow  is  semi -turbulent 
GOVERNING  EQUA  TION: 

(HEAT  ADDED  -HEAT  CONDUCTED  ACROSS  THE  MATERIAL) 
PER  cm2  PER  s  = 

(HEAT  INCREASE  IN  THE  MATERIAL  PER  cm2  PER  s) 


EVAPORATION  MODEL 


ASSUMPTIONS: 

?  Pore  openings  cover  50%  of  surface  area 

?  0.2  kg.  Of  water  evaporates  per  second  per  square  cm. 

of  surface  area 

?  Material  and  water  properties  are  considered  at 
conditions  prevailing  at  an  altitude  of  approximately 
60,000  ft. 

GOVERNING  EQUA  TION: 

(HEAT  ADDED  -HEAT  TAKEN  AWAY  BY  EVAPORATION)  PER 
cm2  PER  s  = 

(HEAT  INCREASE  IN  THE  MATERIAL  PER  cm2  PER  s) 


Temperature  (°C) 


Temperature  vs  Time 


0  50  100  150  200  250  300  350 


Time  (s) 

Conductivity  model  A  Evaporation  model 


Temperature  vs  Time  for  different  methods  of  cooling 


Conductivity  model 

-®-  Thermal  conductivity=30,000  times  that  of  silver 
*  Evaporation  model _ 


Temperature  vs  Time 
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-o-  Conductivity  model  Thermal  conductivity=30,000  times  that  of  silver 


Tenrperature  (  Q 


SUPER  THERMAL 
CONDUCTOR 

COPPER  SEALED  TUBE  -  5 
MM  D 

AIR  0.5  ATMOSPHERE 

3  COATINGS  -  0.1  MM 
THICK 

-  OXIDES 

-  CHROMATES 

UP  TO  3  x  10  THERMAL 
CONDUCTIVITY  OF  SILVER 


Graphitic  Foam  as  Heat  Carrier  For  Thermal 
Control  in  Phase  Change  Materials  (PCM) 
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Temperature  profile  during  normal  landing  Stop  of  conventional 
carbon-carbon  composites  and  PCM-graphitic  foam  based  composites. 
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Autonomic  Healing  of  Polymers 

and  Composites 


Autonomic  Healing  Research  Team 


Inspired  by  Biological  Systems 
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Our  Goal? 


Motivation 
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Self-Healing  Concept 


Self-Healing  Materials 
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Epoxy  Healing  Efficiency 


Beckman  Institute  for  Advanced  Science  and  Technology 


Healed  Fracture  Surface 


Healing  Kinetics 


Beckman  Institute  for  Advanced  Science  and  Technology 


Healing  Fatigue  Damage 


Beckman  Institute  for  Advanced  Science  and  Technology 


Multiscale  Modeling  of  Fatigue  Response  of 

Self-Healing  Composite 
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Tech  Transfer:  Microelectronics 
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Woven  Composites 


Beckman  Institute  for  Advanced  Science  and  Technology  EJILLINC  US 


Composite  Fracture  Surface 


Beckman  Institute  for  Advanced  Science  and  Technology 


Tech  Transfer:  Cryogenic  Storage  Tanks 
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Future  Directions 
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Next  Generation  Self-Healing 
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Inspired  by  Biology... 

Creating  a  Synthetic  Autonomic  System 
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Microvascular  Networks 
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Microvascular  Network  Fabrication 


3-D  Microvascular  Networks 
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Chaotic  Advection  Micromixer 
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Isolated  Flow  Paths 


Micromixing  Experiments 


A  Challenge  for  Mechanics 
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Thermally  Re-mendable  Cross-linked 

Polymeric  Materials 
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Polymeric  Materials 
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Highly  cross-linked  re-mendable  polymeric  materials 


Polymer 


Loy,  D.  A.;  Wheeler,  D.  R.;  Russick,  E.  M.;  McElhanon,  J.  R.;  Saunders,  R.  S.  US  Patent ,  US  6,337,384  B1  (2002). 


Synthesis  of  monomers 
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